This paper describes a proposal for a compact x-ray source based on parametric x-ray radiation (PXR). The PXR, which is produced when a single crystal is bombarded with relativistic electrons, has good monochromaticity and spatial coherence, and is expected to be well suited for imaging of low-Z materials and medical application. The proposed system employs a pair of copper accelerating structures which are operated at a cryogenic temperature of 20 K and arranged to form a resonant ring configuration. The electron beam is once accelerated up to 75 MeV in one of the structures, being decelerated down to lower than 7 MeV in the other structure after generating PXR at a single crystal, and then dumped. The expected x-ray yield is 10 9 photons=s at a center energy of 15 keV or higher.
I. INTRODUCTION
X-rays have been utilized in a wide range of scientific fields as one of the essential tools for analysis and imaging including medical diagnosis since its discovery in 1895. Commonly used methods for producing x-rays include: characteristic x-rays and synchrotron radiation (SR) [1] , each having different features of x-ray monochromaticity, wavelength tunability and intensity. The characteristic x-rays are generated in an x-ray tube by the transition of electrons from a higher atomic level to the vacant atomic level caused by energetic electrons incident on the target anode. While its energy can be chosen by selecting Cu (8.0 keV), Mg (1.2 keV) or Mo (17.5 keV) [2] as the anode material, the spectrum of the x-rays for a given anode is monochromatic [3] . Its intensity depends on the accelerating voltage and the electron beam current, the photon flux being typically 10 8 photons=s or lower. The SR, produced at electron storage rings, is emitted from the electrons passing through the bending field of dipole magnets. Its intensity is considerably higher, a typical photon flux at a user port being higher than 10 9 photons=s when an electron beam of several hundred mA is accumulated in the storage ring. The spectrum of the SR is continuous, covering wavelengths from microwave to hard x-rays, and the maximum energy of the x-rays depends on the electron beam energy. For example, to produce x-rays with an energy of 12 keV for structural analyses, electrons with higher energies than 3 GeV are required. To accelerate electrons up to a few GeV, many accelerating structures are required. Moreover, a radiation shield with sufficient thickness is needed for radiation safety. Thus construction of a SR facility usually requires a large site footprint and high construction cost. From these considerations, a compact x-ray source facility producing quasi-monochromatic x-rays with a wide wavelength tunability is desired [4] . Parametric x-ray radiation (PXR) [5] is a radiation phenomenon induced by a relativistic charged particle passing through a single crystal when the Bragg diffraction condition is satisfied. The main advantage of PXR is that its energy is nearly independent of the energy of the incident particle. The energy of PXR depends on the Bragg angle and the crystal structure. For instance, PXR with an energy of about 8 keV has been produced by using electron beams with energies below 10 MeV [6, 7] . Thus, the required electron beam energy is considerably lower than what is required for SR. The energy spread of PXR is approximately 1% [7] . It is much narrower than what is available from other x-ray generation methods with a crystal and charged particles, for example, channeling radiation [8] [9] [10] and transition radiation [11] . The yield of PXR, which depends on a Fourier expansion of electric susceptibility, is at most 10 −5 -10 −6 photons=electron [12] [13] [14] . It is very low compared with SR. In order to increase the PXR intensity, it is necessary to bombard a crystal with a high average beam current.
Currently, x-ray imaging and XAFS (x-ray absorption fine structure) have been generally conducted with SR. A wealth of information on a crystal can be obtained by using XAFS measurement. XAFS, which requires a quasimonochromatic x-ray beam with wavelength tunability, can take advantage of PXR [15] . A group at Nihon University succeeded in obtaining the image of a low-Z material by phase contrast imaging with PXR at LEBRA (Laboratory for Electron Beam Research and Application, Nihon University) [16] [17] [18] . This result suggests that PXR has a spatial coherence and is suitable x-ray source for x-ray imaging. Moreover, efforts have been focused on obtaining a higher PXR intensity by using a crystal with an asymmetric cut surface to reduce x-ray absorption in the crystal. This has resulted in about five times higher than the PXR yield that was obtained by a crystal with a symmetric cut surface [19] . However, in order to be comparable to SR, the PXR intensity must be increased by another factor of a few hundred.
The development has been pursued to substantiate a compact, high intensity PXR source based on a linear accelerator which can be utilized for medical treatments, crystal structure analyses and imaging of biological cells. The target of the PXR yield is set higher than 10 9 photons=s at 15 keVor higher, which is two orders of magnitude higher than with other PXR sources [16] . Estimation of the PXR generation using single crystals of Si and diamond in terms of the x-ray energy and yield suggests that an average beam power of 1.8 kW is required at an electron energy of 75 MeV. When electrons with this high power are dumped, a large and thick radiation shield must be constructed to ensure radiation safety. Thus, a decelerating structure is employed to dump the electrons at energies close to the injection energy. Moreover, we use a pair of the accelerator structures made of a high-pure copper (6N8), which is operated at a cryogenic temperature of 20 K to obtain a high Q-factor [20] . While superconducting cavities can achieve a high Q-factor of the order of 10 8 -10 10 at 1.5-4.2 K [21], they are not employed because of issues with quenches, field emission and increase in construction cost for cryogenics with a higher capability.
In Sec. II of this paper, the design concept of the compact intense PXR source is shown, where the details of the injector, the accelerating structure with cryogenic system and the rf resonant ring are described. The calculation result of neutron generation simulated with GEANT4 [22] is described in Sec. III. The simulation results of the expected PXR intensity in this x-ray source and the beam optics with and without emittance growth after a single crystal using SAD [23] and GEANT4 are shown in Sec. IV and V. The conclusions of the discussion on this PXR source are summarized in Sec. VI.
II. CONCEPT OF PXR SOURCE
In this section, the concept of the PXR source based on a linear accelerator is described. This PXR source is a demonstration machine possibly applicable to medical treatments, crystal structure analyses and imaging of biological organs/tissues in a medical facility or laboratory. Our goal on the photon flux is to achieve more than 10 9 photons=s at over 15 keV. The beam power of about 1.8 kW at the beam energy of 75 MeV is required to achieve this photon flux. This beam energy was chosen by considering a klystron power of 50 MW currently available at the developing site, beam current (<300 mA) produced at an electron gun, and parameters of accelerating structures which can be developed, which is the minimum beam energy required to achieve the target photon yield. Moreover, the possibility of installation into a small clinical and laboratory site was taken into account. For a beam dump of the electron beam with that power, we must take a radiation shield for gamma rays and neutrons into account, and a thick block for the beam dump must be constructed. In order to realize low-level radiation at the beam dump, we employ a decelerating structure, also. The proposed PXR source is schematically shown in Fig. 1 . Table I shows its main parameters.
The features of this PXR source are to reduce the generation of unwanted photons and particles such as neutrons, and accelerate a high current electron beam using copper accelerating structures operated at 20 K. The footprint of this facility is 8 meters × 4 meters and is substantially compact as compared with typical 100-MeV class accelerators. The injector consists of a triode electron gun, an rf chopper, a prebuncher, a buncher, four quadrupole magnets, and accelerating and decelerating structures. The bunchers and accelerator structures are operated at the rf frequency of 5.712 GHz with the repetition rate of 50 Hz. The maximum rf output power and pulse length of the klystron are 50 MW and 3.5 μs, respectively. The normalized emittance of the electron beam is expected to be 20 mm-mrad. The electrons produced at the electron gun have an energy of 3 MeV at the exit of the buncher, and are accelerated up to 75 MeV in the 1.3 m long accelerating structure. In the high energy beam transport line after the accelerating structure, four dipole magnets each having the bending angle of 90°and the bend radius of 400 mm are used to bend the 75 MeV electron beam, in which two dipole magnets (second arc section) after the crystal are placed on a movable stage to adjust the beam path length so that the electron bunchs are injected into the decelerating structure at a correct decelerating rf phase. The stage can slide up to AE27 mm, well over a full wavelength of the C-band rf. This x-ray source is operated in a multibunch mode. One-turn operation is employed since the beam after passing through the crystal is not reusable due to the emittance growth. Before the beam is dumped, it is decelerated by a decelerating structure so as to reduce the radiation hazard as mentioned earlier. We adjust the longitudinal bunch length at the exit of the buncher by using an rf chopper [24] so that most of the electrons once accelerated to the maximum energy can be decelerated to 7 MeV or lower in the decelerating structure. The accelerating and decelerating structures are contained in a cryostat and cooled conductively by connecting to the cold head of a GM (Gifford-McMahon) refrigerator. Moreover, the two structures are arranged to form a resonant ring configuration which allows us to obtain high gradient with the available rf power source, then the rf power dissipation in them will be a few kW.
III. ELECTRON ACCELERATOR
An important consideration in designing a facility like this is to keep the radiation hazard under good control. Radiation dose outside the accelerator housing, whether due to photons, electrons or neutrons, is reduced by a combination of strategically arranged radiation shields and minimization of the beam loss within the accelerator, both accidental and intentional. It is also noted that the production cross section of neutrons due to photonuclear reactions of electrons at the beam dump is highly sensitive to the incident electron energy and the mass number of the material exposed to the electrons. The number of the neutrons generated at the beam dump of lead and graphite has been estimated for different electron energies as shown in Fig. 2 . This calculation was performed with GEANT4, a tool kit to simulate the interaction of particles and material [22] , by assuming lead and graphite with a thickness of 20 cm and electrons of 10 8 per pulse perpendicularly incident on it. Figure 2 indicates that production of neutrons is negligible when the electron bunch is dumped at the energy of 7 MeV or below, as expected from the threshold energy of the photonuclear reaction of lead [25] . Therefore, dumping the electron beam after decelerated down to the energies less than 7 MeV is preferable.
The longitudinal bunch length at the decelerating structure is important for ensuring the electron energy to be 7 MeV or lower at the beam dump. The path length difference Δz of an electron in a bending magnet is described by
where Δz is the path length difference of the electron with a momentum displacement ΔP=P, and R 56 the momentum compaction (R 56 ¼ ρθ − ρ sin θ) for the bending radius of ρ and the bending angle of θ. For the electron with a momentum offset of AE0.25%, the path length difference at the entrance of the decelerating structure will be
which is considerably larger than the bunch length normally obtained at the exit of the buncher. The limit of the longitudinal bunch length required for the beam energy to be decelerated to 7 MeV or lower at the beam dump can be calculated by the following equation with an energy gain and an rf phase
where E 2 is the electron energy at beam dump, E 1 the maximum beam energy, E 0 ¼ eV 0 , V 0 the maximum decelerating voltage, ΔEð¼ E 2 − E 1 Þ the difference of energy and θ the phase of rf wave. If we choose ΔE ¼ 68 MeV at E 0 ¼ 72 MeV as the worst case of deceleration corresponding to E 2 ¼ 7 MeV, the maximum allowed phase displacement of an electron from the bunch center adjusted to
This suggests that the bunch length at the entrance of the decelerating structure must be less than 5.6 mm. If the bunch length is 1 mm at the buncher exit, the bunch length at the decelerating structure entrance is about 5.6 mm (¼ AE2.3 mm þ 1 mm). In this case, the electron beam can be decelerated to 7 MeV or lower. Therefore, the chopper is required at the buncher exit to limit the longitudinal beam size to be approximately 1 mm there (AE3°). We employ the rf chopper, which comprises two rf deflectors, a slit and a quadrupole magnet [24] , use it to control bunch length in the low energy section (100 keV) of the facility. The energy spread after passing through a crystal generally increases. However, the total electron energy decreases due to the energy loss. Therefore, requirement on the bunch length as examined above is expected to stay valid. The accelerating and decelerating structures, are made of copper with 6N8 grade (purity > 99.999 980 mass%), in the 2π=3 traveling wave design. The two structure parameters are summarized in Table I . The iris with diameters of 13-16 mm is chosen to prevent particle loss in the structures, although the cell diameter should be small because of an increase of the shunt impedance. The cell's iris shape is ellipsoidal to reduce the peak surface electrical field as a discharge measure since high rf power is fed into the two structures. Also, they are 1.3 m long, and are operated at the temperature of 20 K for the long beam pulses [20] ; the beam pulse and rf pulse length are approximately 2 μs and 3 μs, respectively. In general, the surface resistance of copper is reduced when the structure's temperature is decreased, which results in an increase of the Q-factor. However, the surface resistance of a metal at a low temperature and high frequency of GHz is known to increase by the anomalous skin effect [26] [27] [28] [29] . The surface resistance including the anomalous skin effect is
where ω is the angular frequency, μ 0 the vacuum permeability, λ the mean free path, ρ the resistivity and f the frequency in GHz. The residual resistivity ratio (RRR) of the 6N8 copper is expected to be 3,000 [30] or larger, and its surface resistance R s at 20 K is ρ 20K ∼ 1.2 × 10 −11 Ω · m. Hence, the Q-factor and the shunt impedance at 20 K are expected to be approximately 50 000 and 536 MΩ=m, respectively, which are about five times higher than those at a room temperature for the accelerator structure in our consideration.
To accelerate the beam up to 75 MeV, the accelerator structure has to operate at an accelerating gradient of 55 MV=m, and a peak rf power of 140 MW is required. The entire rf power in our system, including what is needed for the chopper, the prebuncher and the buncher, is supplied by a 50 MW klystron. The rf power for accelerating structures is fed through the resonant ring that is arranged as shown by Figs. 3(a) and 3(b) . The a i and b i (i ¼ 1, 2, 3, 4) in Fig. 3(b) represent the incident waves and the outgoing waves. They satisfy the following condition, where C is the voltage coupling coefficient of a directional coupler [31] : 0
The a 4 and b 3 are related as follows
where τ and T are the attenuation constant and the voltage transmission constant of the resonant ring. The field multiplication factor M after n cycles of the rf power into the resonant ring is given by
Also, the time evolution of the b 3 is written as
where t f is the filling time. Table II summarizes the parameters specified for the resonant ring. Figure 4 shows the energy gain in the resonant ring as a function of the time for different coupling coefficients of the directional couplers. Figure 4 indicates that the coupling coefficient of the directional coupler should be 2 dB to achieve the beam energy of 72 MeV. The flattop of the rf pulse in this case is sufficiently long for our purpose.
IV. EXPECTED PARAMETRIC X-RAY RADIATION
The PXR is produced when electrons travel through a single crystal while they satisfy the Bragg condition, as illustrated in Figure 5 . From the standpoint of quantum mechanics, the PXR is interpreted as diffraction of virtual photons associated with relativistic electrons by the crystal planes. A notable feature of the PXR is that its energy can be tuned by rotating the target crystal with respect to the incident electron beam. The energy of the PXR is given by [32, 33] 
where ℏ is the Planck constant, c is the velocity of light, g is the reciprocal lattice of scattering planes. The reciprocal lattice g for the diamond structure is Table III shows the parameters of Si and diamond crystals. Diamond is better than Si for generating high energy x-rays due to its smaller lattice spacing. For rotating the Bragg angle to change the PXR energy, a PXR chamber as schematically shown by Fig. 6 will be used. It has three ports which cover the angular ranges of 6, 16-82 and 98-164 degrees. The energy ranges for the two crystals are summarized in Table IV . The angular distribution of the PXR photons as observed outside the crystal per incident electron per steradian is given by [34] 
where α is the fine structure constant, ω B the x-ray frequency, c velocity of light, L a the x-ray absorption length, t crystal thickness, θ B the Bragg angle, χ the Fourier expansion of electric susceptibility, ω p the plasma frequency, and θ x and θ y are the photon angle relative to the Bragg angle in the diffraction plane and the plane perpendicular to it, respectively. The e −2W is the DebyeWaller factor, which accounts for the thermal vibration of the lattice. It is approximately one at room temperature. The Fourier expansion of magnetic susceptibility χ, which depends on the x-ray energy, is written as
FðgÞ ¼ fðgÞ
where r e is the classical electron radius, λ the wavelength of PXR, V c the volume of the unit cell, F 0 the crystal structure factor and ðf 0 ; f 0 ; f 00 Þ the atomic form factors. In general, f 0 and f 00 can be ignored except in the vicinity of the absorption edge energy (around 2 keV for Si). Since F depends on the crystal Miller indices and g, χ is generally of the order of 10 −5 -10 −6 for most crystals [13] . This small value of χ is the main reason for low PXR yields. Figure 7 shows the dependence of χ on the x-ray energy for Si and diamond crystals with the Miller index (111) by using Eq. (15) . The photon yield also depends on the factor of 1= sin 2 θ B , which means that the reciprocal lattice constant g from Eqs. (11) and (12) should be large for high photon yield. Therefore, we choose the Miller index (111) rather than (100) and (110) for Si and diamond crystals.
The electrons are deflected due to Coulomb scattering from nuclei when they pass through the crystal. As a consequence, angular broadening of the PXR and emittance growth of the electron beam occur. The multiple scattering in the crystal can be simulated with GEANT4. Figure 8 shows the scattering angle of electrons with the energy of 75 MeV after passing through diamond and Si crystals as a function of the thickness. For reducing particle loss and the thickness of the radiation shield, a thin crystal is preferred for the target. We have chosen the crystal thickness of 0.1 mm and 0.13 mm for Si and diamond, respectively, so that the emittances after the crystal are approximately 60 mm-mrad. More on the beam loss will be discussed in Sec. V.
The rms scattering angle after traversing the thickness L is expressed as [35] 
where βc is the velocity of the electrons, p the momentum of the electrons, Z the atomic number, A the mass number and L rad the radiation length of the crystal which is given by Eq. (19) [36] . For a Si crystal with the thickness of 0.1 mm, eq. (18) gives θ ≈ 4.3 mrad, and it is comparable with the GEANT4 simulation result of θ ¼ 4.1 mrad. The angular broadening of the PXR caused by multiple Coulomb scattering can be estimated by calculating the convolution of the Gaussian distribution of multiple scattering with the PXR yield in Eq. (13) . Figure 9 shows the number of PXR photons expected to be detected per electron. Here, the effects of the crystals thickness of 0.1 mm and 0.13 mm are included, and an x-ray detector with an aperture of 3.0 cm 2 is assumed to be located at 1 m from the crystal in the Bragg geometry. The rms beam size at the crystal is assumed to be 0.1 mm, sufficiently small for preventing thermal destruction of the crystal and for maintaining the beam size to fit within the vacuum chamber after multiple scattering in the crystal. Figure 9 shows that for the PXR yield to be more than 1 × 10 9 photons=s at 15 keV, the average beam current must be 25 μA and 34 μA for Si and diamond, respectively.
LEBRA has experienced that the destruction of a Si crystal was caused due to crystal heating during one micropulse, and that it did not depend on the average beam current [16] . We estimated the maximum crystal temperature during a micro-pulse of 2 μs with a finite element method. Assuming that the energy loss of an electron beam in a crystal is all converted into thermal energy, we first estimated it to be caused by the ionization loss and bremsstrahlung using GEANT4. Figure 10 shows the energy loss of the beam after the electron beam of 75 MeV passes through diamond and Si crystals with different thickness. It shows for example, that the energy loss in a 0.1 mm thick Si crystal peaks at 26 keV. Then, the thermal load for a peak current of 300 mA (maximum current of the electron gun) can be computed to be 7.8 kW (≈26 keV × 0.3 A) for the 0.1 mm thick Si crystal. Using this thermal load, we simulated the crystal temperature for different electron beam sizes at the Si crystal, and the result is shown in Fig. 11 . Since Si has a melting point of 1414°C, the Si crystal with the thickness of 0.1 mm should not be destroyed when the peak current is about 300 mA.
V. OPTICS FOR BEAM TRANSPORT
An important requirement from the standpoint of beam optics is to minimize beam losses to achieve low radiation level. When high-energy electrons hit matter, many photons of a wide energy range are generated. To study the number of neutrons and photons and their energies generated due to beam losses, we used GEANT4 to simulate the interaction of 10 7 electrons with an energy of 75 MeV with stainless steel (2.5 mm thick for the beam pipe), copper (10 mm thick for the decelerating structure), and graphite (200 mm thick for the beam dump). The simulation results are shown in Figs. 12 and 13. A sharp peak at 0.511 MeV in Fig. 12 can be interpreted as the effect of pair annihilation which occurs by collision of electrons and positrons. Moreover, Figs. 12 and 13 indicate that the particle loss in the decelerating structure should be kept as low as possible, because a large number of gamma rays with a peak at about 0.2 MeV and neutrons are produced. On the other hand, for the particle loss in beam line of the stainless steel, gamma rays with 70 KeV energy peak are generated, while the number of neutrons is relatively small although they are produced. If the electron beam of 75 MeV is dumped at the beam dump consisting of graphite, a lot of gamma rays and neutrons with wide energy ranges are emitted. Therefore, to suppress the generation of these unwanted particles, we dump the electron beam after the electron energy is decreased.
The beam transport line must be designed with considerations on the emittance growth and energy loss of the beam after electrons pass through the radiator crystal. Three points should be noted: (1) rms beam sizes should be less than 2.6 mm in the transport line, 0.1 mm at the target crystal and 1.3-1.6 mm in the accelerating and decelerating structures, (2) energy spread should be below AE0.25% and (3) the length of quadrupole magnets is 45, 70 or 90 mm, and their field strengths should be in the range of 5-20 T=m. optics except at the beam dump with the initial parameters from the buncher exit to the decelerating structure. Figure 14 shows the beam optics from the buncher exit to the decelerating structure along the path length when the interactions of the beam with the radiator crystal are ignored. Also, Figure 15 shows the beam optics from the collision point to the decelerating structure when a Si crystal with the thickness of 0.1 mm is inserted and when it is not. The details on the initial parameters after the crystal will be discussed later. The plots (a), (b), and (c) in Figs. 14 and 15 indicate the beta functions, the dispersion, and the rms beam sizes. The red arrows show the collision point, where the beam size is ∼0.1 mm, and the dispersion is zero except in the arc sections. The electron beam can be transported from the exit of the decelerating structure when the crystal is not inserted. However, when the crystal is inserted, the vertical beam size reaches its maximum at a distance of 1 m after the collision point. Therefore, a quadrupole magnet with a sufficiently large bore diameter (50 mm) will be used. If a beam pipe with a diameter of 26 mm is used, the number of neutrons produced there is estimated to be about 10 7 for an electron beam of 35 μA. A thick shielding wall around it should be used for this part.
The bunch length was simulated by particles tracking with SAD, and then the energy loss was ignored. For the thickness of 0.1 mm (Si) and 0.13 mm (diamond), electron energy loss is less than 60 keV from Fig. 10 , which is 0.08% of the incident energy of 75 MeV. This is low enough to be ignored. Figure 16 shows the longitudinal particle distribution at the buncher exit, the collision point and the decelerating structure. The total bunch length at each place is about 0.8 mm, 1.3 mm, and 2 mm, respectively. Since the bunch length at the decelerating structure is 2 mm, the electrons energy can be reduced to 7 MeV or lower, when the electron bunch is on the decelerating phase of the rf wave. To maintain this condition in operation we control the path length of the transport line by moving the second arc section on the movable stage. The emittance and energy spread after electrons travel through the crystal are evaluated as follows. From Fig. 8 ). The standard deviation for the entire distribution including the beam tails is 20-25% larger than that for the Gaussian fit. We employed the scattering angle estimated by the Gaussian fit, because the number of particles in the tail part is small. Then, the normalized emittances can be computed approximately using the beam size (σ) and beam divergence (θ) at the exit of crystal, 
After electrons pass through the crystal, the beam sizes and α x;y are approximately conserved while the β x;y and emittances change. In this emittance computation, planar channeling and rainbow scattering [37] in the crystal are not taken into account. Because the beam is strongly focused at the crystal of sizes close to 0.1 mm, the beam divergences are large enough to ignore these physical phenomena. We used the normalized emittance of 60 mm-mrad when the beam optics was simulated since the effect of this narrow emittance range on beam optics is very small. Also, the beam energy spread at the front of the crystal is about 1.55 × 10 −4 , and the energy spread after the diamond crystal about 3.35 × 10 −4 . With this emittance and energy spread, the beam optics in Fig. 15 was calculated.
VI. CONCLUSIONS
In this paper we discussed a proposal of a small size (4 m × 8 m) and high intensity PXR source based on a linear accelerator resembling an energy recovery linac, and have presented a complete, workable design of a PXR test facility. This x-ray source, whose beam energy is 75 MeV, is a relatively compact x-ray source compared to typical 100 MeV-class accelerators. The target value for the PXR flux, over 10 9 photons=s with energies higher than 15 keV, can be achieved with an average beam current of 25 μA with a Si (0.1 mm thick) target and 34 μA with a diamond (0.13 mm thick) with the Miller index (111) in the Bragg geometry. The x-rays produced can cover a wide energy range from 2 keV to 57.5 keV. The crystal thickness is chosen so that the electron beam emittance is 60 mm-mrad after it passes through the crystal so as to keep the beam loss under control in the high-energy transport line. To realize the low radiation level at the beam dump, we dump the electron beam after beam energy is decreased below 7 MeV with the decelerating structure. This results in practically no neutron emission. Accelerating and decelerating structures, are made of copper with 6N8 grade, and are operated at 20 K to operate with long beam pulses. The Q-factor of the accelerating structures at 20 K would be about 50 000. They are operated in the resonant ring configuration to achieve an accelerating gradient of 55 MeV=m.
The beam transport line after the accelerating structure was designed with SAD. The beam optics ensures that the dispersion is zero except in the two arc sections. The rms beam sizes in the crystal, in the transport line and in the two structures are below 0.1 mm, 2.6 mm and 13-16 mm, respectively. Transporting electrons to the beam dump is easy if no loss occurs due to the crystals. On the other hand, substantial multiple scattering and particle loss occur when the crystal is inserted. Therefore, thick concrete wall and quadrupole magnets with large bore diameter are required to suppress particle losses and their impact as much as possible. Also, the longitudinal bunch length was simulated by particle tracking. The bunch length at the decelerating structure entrance is about 2 mm, and the electron bunch energy can be decreased to less than 7 MeV.
